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INTRODUCTION

An Elet emal-Chemlcal (ETC) Gun Modeling Workshop was held at the Weapons Tedmology
Di c (WTD), US. Army Research Laboratory (ARLXformerly the Ballistic Reseurch Laboratory
(BRL)) an 12-13 May 1993. The workshop was specifically focused oan technical aspects of ETC gun
modeling and was sponsored by the WFIDARL. rThs. the meeting was not as broad in scope as an earlier
meeting held at BRL under the sponsorship of the JANNAF Combustion Subcommittee on 9-11 July
1991.

'The objecdves of te worksmop were to: (a) assess the curnt state of ETC modeling; (b) determine the
class of problems currently being addressed by various organizations; (c) encourage exchmnge of idea and
modeling teliqe among participants; and (d) provide recmmndations for ftrm work, particularly
in view of declining rmearch fulnds.

The following compilation contains: (1) the meeting agenda- (2) a list of current known US. ETC
modeling activities; (3) diapostics mea ments desired by ETC modelers as summarized by the group;
(4) presentstions by organizations attnding the workshop; and (5) a list of participants. The workshop
beneflted greatly from the participation of university, industry, and government (Army, DNA, Navy)
pemommel and contract who all worked toward the common goal of udertnding ETC pyocosaw
through modeling.

We would like to thamk Ms. Shanm Richardson for her excellent administering of the workshop; each
particiat for their active roles during tf workshop; each author and funding agency for allowing work
to be rinted in this compilatio (note that there a unwle s mlimimted anri
& cactor only sections)-.and Army, DNA and Navy personnel in many different agencies for their
conper tion and support in this endeavor. The modeling community has made significant advances in
unrstanding ETC gun interior ballistics over the pas several yea and continues to impoa gun cartridge
desLgn. It is hoped that this ompflation will convey the development of state-of-the-at models for EMC
guins

Gloria Wrmn
Bill Oberle
Weapons Technology Directorate
Army Research Laboratory

S... ... . .. .. a i am I I i l | | |



Blo aeaa-OaMlc MMT Gun MOdeIzfg Workshop AGOIDA
Weapon Tecluoogy Directorate U.S. Army Research Laboratory

Wedned, May 12 1993

8:15 Admtrive Remarks
Sharo Ricmbon

8:30 Sciem Apcaons InMrniona CWorp Io San Diego, CA
C-C. Hslmo, FRed Su

9.30 Genral Dynamics Land SystmmkM-Devlces
Nids inmor

10:.30 Break

10:45 Science Applicaions IntrAtiMol Co'poatio FL Washingo PA
Sandy Dah

11:45 Lunch

1.'00 Stadia Nadonal Laboratories, Albuquerque, NM
Sleve Kempka

2:0)0 FMC Corporaion Minneaolis, MN
Patrick Jnke

3:00 Break

3:15 U.S. Anny Ammnmem Research, DeVwIoPWmt, and Fgee C r
Lee Haris

4:15 Pemsylvania SUta University
F. Caiung

5.00 Adjoum

7.0 No-host dinnr at Tidewat Grille, Havre de Grace

Thursday, May 13

8:30 U.S. Army Research Laboratory
Gloria Wren

900 Olin Cororraon
Hugh McEly

10:00 Cafforda Research and Technioogy
Phu Hookbin

11.:00 Group discussion =aW wrap-up

12.:10 Adjourn

2
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PATCHED GRIDDING IN PARCH (FROM PARC)

- SIMPLE GRIDS/COMPLEX GEOMETRY
- SINGLE DOMAIN/NO BLOCKING INEFFICIENCY
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Figure 2a. Numerical Grid for Tvo-Dimensional Nodel Problem.
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ETC PROCESS

• Initial Configuratidn

* Initiation of Plasma into Working Fluid

S rtv Combustion 0 Vaporization of Plasma
and Working Fluid
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Axisymmetric Model of Capillary and
Mixing Chamber

SMixing Chamber

Capillary Radius 0.3 cm

Overall Length 11.4 cm
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Enhanced Propellant Burn Rate
through Plasma Erosion

L.E. Harris, D. Chui, J. Prezelski, P. O'Reilly, D.S. Downs
US Army Research, Development, and Engineering Center

Picatinny Arsenal, NJ
and

W.F. Oberle
US Army Research Laboratory
Aberdeen Proving Ground, MD

and
J.R. Greig
GT-Devices

Alexandria, Va
and

H.A. McElroy and J.G. Buzzett
Olin Ordnance

St. Petersburg, FL

ABSTRACT

In both ETC gun firings and ETC closed bomb experiments to date, it has been
observed that the burn rates of solid propellants are not altered by the
presence of the ET plasma except through the pressure created by the addition
of the electric energy. However, in a recent series of ET gun firings, we
have observed that the burn rate of the propellant can be dramatically
increased by the erosive effect of the plasma. The propellant was JA-2, and
for these ETC gun firings the whole propellant charge was cast as a "single
perf" monolithic grain. The central perforation was 0.25 inch diameter and
the outside diameter of the grain was 1.10 inch. The propellant was fired in
a 30im (bore diameter) gun in the Army's ET Gun Facility at GT-Devices. The
plasma generator was a high pressure capillary discharge and the emerging
plasma was carefully injected into the central perforation in the propellant
grain. All other surfaces of the propellant grain were inhibited using
silicone grease. The charge design is described in detail, and results
obtained by simulating these firings using IBHVG2 are discussed. From these
simulations, it is concluded that the burn rate achieved in these gun firings
was enhanced significantly through the erosive effect of the plasma.
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Table III CBP Calculation of Interior Biallistics Time Profilesin a 120mm M256 Tank Gun

t(MS) ZpM) VpM/S) Tmn(K) f(1) . (KG/S)
0.00 0.000 0' 3,424 0.004 0
0.10 0.002 42 3,244 0.002 268
0.20 0.008 85 3,037 0.007 536
0.30 0.019 127 2,933 0.016 804
0.40 0.034 169 2,881 0.028 1,072
0.50 0.053 211- 2,854 0.043 1,341
"1.00 0.211 423 2,812 0.173 2,681 "
1.50 0.476 634 2,804 0.388 4,022
2.00 0.846 846 2,801 "0.690 5,362
2.40 1.218 1,015 2,800 0.994 6,435
2.41 -1.225 1,018 2,800 1.000 6,453
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OBJECTIVES

"* To evaluate the applicability of existing correlations for
describing the entrainment and subsequent breakup of
the liquid propellant droplets caused by the discharge of
a plasma jet from a plasma generating cartridge.

"* To identify the key elements of plasma/liquid propellants
interaction that are not fully understood.

* To summarize the findings of this critical review and to
define basic research needs for futuk modeling and
diagnostic activities in this subject area.

* To perform a theoretical analysis to provide guidance in
the development of a suitable correlation applicable to
ETC gun conditions.
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CHARACTERISTIC LENGTH AND

VELOCITY SCALES

* Two Macro-Length Scales

dh - Hydraulic Diameter of the Core Region
(Associated with phenomena of the
Interfacial Shear Action and Inertia of the
Core Flow)

6 Liquid Film Thickness
(Associated with Phenomena of Liquid-
Film Motion and Induced Surface Wave
Form)

* One Micro-Length Scale

ITw Taylor Wavelength
(On the same Order as Ligament or Initial
Droplet Size Before Secondary Breakup)

g ( Of - Pg

* Two Independent VelocityScales

Vf- Bulk Liquid Film Velocity

, Vr Relative Velocity Between Gas and Liquid
Phases ( Vr, = V - Vf)

or

Vf and Vg 189



.OBSERVATIONS OF ENTRAINMENT PHENOMENA

"* Similarities exist between the entrainment of liquid
propellant by a plasma jet in an ETC gun and
entrainment of droplets in two-phase annular mist flow.

"* The interface of the two fluids i- inherently unstable.

"* When V, > (Vr) .. or Vf > (Vf) ,•, instabilities set in
and grow in the interfacial region.

formation of wavy interface and large
amplitude roll wave (so-called Kelvin-
Helmholtz instability)

ligaments and droplets torn off from the

interface dynamic interaction

"* Critical Conditions for the Onset of Entrainment:

g dunstable

location of this
I boundary is a function
I _of fluid properties

stable

90 Vf



OBSERVATIONS OF ENTRAINMENT PHENOMENA
(continued)

"* Detailed studies of entrainment mechanism have been
performed by Newitt et al. (1954), Hanratty and
Hershman (1961), Chung and Murgatroyd (1965), and
Ishii and Grolmes (1975).

"* In general, entrainment may take place in a number of
different ways, depending on the flow situation.

"* Hydrodynamic and surface tension forces govern the
motion and deformation of the wave crests. Under
certain conditions, these forces lead to an extreme
deformation of the interface that results in the breakup
of a portion of a wave into liquid droplets. The forces
acting on the wave crests depend on the flow pattern
around them as well as on the shape of the interface.

191



RELEVANT ARTICLES ON ENTRAINMENT
MECHANISM STUDIES

"* "Liquid Entrainment: The Mechanism of Drop
Formation from Gas or Vapor Bubbles," Newitt, D. M.,
Dombrowski, N. and Knelman, F. H., Tram Inast. Chem.
Engng., Vol. 32, p. 244, 1954.

"* "Fundamentals of the Hydrodynamic Mechanism of
Splitting in Dispersion Process," Hinze, J. O., AIChE J.,
Vol. 1, p. 289, 1955.

"* "Initiation of Roll Wave," Hanratty, T. J. and Hershman,
A., AIChE J., Vol. 7, p. 488, 1961.

"* "Studies of the Mechanism of Roll Wave Formation on
Thin Liquid Films," Chung, H. S. and Murgatroyd, W.,
Symp. on Two-Phase Flow, Vol. 2, Paper A2, Exeter, UK,
1965

"* "Prediction of Onset of Entrainment for Liquid Metals,"
Ishii, M. and Grolmes, M., Trans. Am. NucL Soc., Vol.
21, p. 325, 1975
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A Schematic Diagram Showing the Five Types of Entrainment Mechanisms
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FIVE BASIC TYPES OF ENTRAINMENT
MECHANISMS FOR TWO-PHASE ANNULAR MIST

FLOW [ISHII AND GROLMES (1975)]

ROLL WAVE:
The drag force acting on the wave tops deforms the
interface against the retaining force of the liquid
surface tension. The tops of the large amplitude
roll waves are sheared off from the wave crest by
the gas flow and then broken into small droplets.
(most relevant to ETC gun conditions)

WAVE UNDERCUT:
Entrainment is caused by the undercutting of the
liquid film by the gas flow. This mechanism is
similar to droplet disintegration by the gas stream.
(could also happen in ETC gun condition)

BUBBLE BURST:
Associated with the bursting of gas bubbles. The
droplets may be generated by the bubble rising to
the surface of a liquid.

LIQUID IMPINGEMENT:
This is caused by the impingement of relatively large
liquid droplets to the film interface for production
of small droplets.

LIQUID BULGE DISINTEGRATION:
When a counter-current flow reaches the flooding
condition, large amplitude waves can emerge from
the liquid film and coalesce to from a bridge.
Bulged regions of the bridge can then disintegrate
into small droplets due to the gas dynamics. (not
relevant to ETC gun conditions)
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ONSET OF KELVIN-HELMHOLTZ INSTABILITY

* When both the gas flow and the induced liquid film
motion are sufficiently high, the interfacial waves
transform into large amplitude roll waves.

* Beyond this critical point, the interfacial shear forces
become greater than the surface tension forces, and the
onset of entrainment occurs.

LIQUID FILM

GAS CORE VS

40, T

ROLL WAVE
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ONSET OF ENTRAINMENT

"* The criterion developed by Ishii and Grolmes (1975) was
based upon a force balance at the crest of roll waves.
Droplet entrainment starts when

Fi > Fo

Finterfacial 1 surface tension]
shear force retaining force]

"* The dimensionless critical superficial gas velocity at the onset
of entrainment was found to depend on the film Reynolds
number and the viscosity number of the fluids, i. e.

(Jg) crtia = f (Ref, N.)

Ref a pf jf dh

N-f

Pf~ ~ p a07W]P g (Pf. Pg)

where pf and I• are the density and viscosity of the liquid, dh
the hydraulic lameter of the cone, and jf the superficial
velocity of the liquid (including liquid film and droplets).

"* Jg is defined as

() j g h)P6

-Weg (Reg)-'(~ (9!g }pf
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ONSET OF ENTRAINMENT (continued)

"* For a horizontal two-phase annular flow with
160 < Ref < 1635, the criterion of Ishii and Grolmes
(1975) gives

Jg > 11.78 N°'8 Re7 1 3  for N, 1

and
Og > 1.35 Rei1/ 3  for N, >

"* For values of Ref that are above 1635, a so-called
completely rough turbulent regime occurs in which the
critical superficial gas velocity becomes independent of
the film Reynolds number. According to Ishii and
Grolmes (1975), the inception criterion for this flow
regime is given by

iJ ; ŽNO8  forN, :g1

and
Jg k 0.1146 for N, >

"* The inception criterion compares favorably with a large
number of experimental data for various types of fluids
covering a wide range of the film Reynolds numbers and
the viscosity number.

* The inception criterion of Ishii and Grolmes should be
applicable to the case of plasma/liquid propellants
interaction provided that fluid properties are known.
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METHODS FOR MEASURING THE FRACTION
OF LIQUID MASS FLUX ENTRAINED

IN THE GAS CORE

0 Local Probe Measurements

- To determine the axial liquid mass flux at the
location of the sampling probe.

- Used with limited success by Wicks and Dukler
(1960), Magiros and Dukler (1961), Wailis (1962),
Steen and Wallis (1964), Cousins et al. (1965), Gill
and Hewitt (1968), and Yablonik and Khaimov
(1972).

- Measurement along the centerline with the
assumption that the mass flux is radially uniform.

* Liquid Film Flow Measurements

Flow rate determined by removing liquid film
completely from the test section.

This method, which eliminates those uncertainties
associated with the local probe measurement, is
probably a more accurate measurement technique.

Successfully employed by a number of investigators
including Paleev and co-workers (1962, 1966),
Cousins and Hewitt (1968), Petrovichev et al.
(1971), and Ishii and Mishima (1981).
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ENTRAINMENT CORRELATIONS

* Purely Empirical Approach

- Wicks and Dukler (1960)

- Minh and Huyghe (1965)

- Paleev and Filipovich (1966)

- Wallis (1968)

* Semi-Empirical Approach Based Upon

Mechanistic Models

- Hutchinson and Whalley (1973)

- Dallman, Laurinat, and Hanratty (1984)

- Ishii and Mishima (1989)

200



ENTRAINMENT CORRELATION OF WICKS
AND DUKILER (1960)

* Developed a correlation that relates the entrainment
parameter, R, to the Martinelli parameter X, i. e.

R = R(X)

o Entrainment Parameter:
R = Wec (iflj•g) Wd

TdP7 )g

where Wd is the liquid drop mass flow rate, and We, the
critical Weber number defined in terms of the film thickness
6by

Wec PgV

where vg is the velocity of the gas phase.

* Martinelli Parameter
x. (dPldz)f 12

where quantities in the numerator and denominator represent
the single-phase pressure drops which would exist if each
phase flowed alone.

* Two Major Drawbacks

The dependence of the entrainment on various
controlling factors is hidden by the use of the Martinelli
parameter.

The correlation is dimensional which severely limits the
range of applicability.
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ENTRAINMENT CORRELATION OF MINH
AND HUYGHE (1965)

"0 Empirical correlation relates the entrained fraction, E, to the
gas core momentum, i. e.

E = E( 5g jg 2 )

where 1'g is the homogeneous density of the gas core given by

where jd is the superficial velocity of the entrained liquid

droplets.

"* Entrained Fraction:

where Wd is the mass flow rate of the droplets and Wf the
total liquid mass flow rate including both the liquid film and
the droplets.

"* Two Major Drawbacks

- PThe use of the dimensional parameters results in
uncertainties regarding the dependence of the
correlation on the fluid properties.

- The range of applicability is virtually unknown as the
effects of many important factors such as the liquid
Reynolds number are not included.
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ENTRAINMENT CORRELATION OF PALEEV
AND FILIPOVICH (1966)

"* The shortcoming in the Minh and Huyghe correlation
(1965) was eliminated by introducing a dimensionless gas
flux* in correlating the entrained fraction in the following
form.

Wf = 0.985 - 0.44 log [ 2 X 104

where Wif is the mass flow rate of the film and Wf the

total liquid flow rate including the film and droplets.

"* Entrained Fraction:
E =IWff

"* This correlation showed fairly good agreement with a

limited number of data.

"* Major Drawback

The range of applicability is not well defined as the
important effects of the hydraulic diameter and the
Reynolds number were not included.

The dimensionless gas flux is very similar to J. used in

the onset of entrainment.

203



ENTRAINMENT CORRELATION OF WALLIS (1968)

"0 In an effort to improve the correlation of Paleev and
Filipovich (1966), Wallis introduced a modified
dimensionless gas flux (t) by replacing the liquid
viscosity by the gas viscosity in the Paleev and Filipovich
correlation, i. e.

E -E(i)
where

"* Major Drawbacks

- The range of applicability is not well defined.

The dimensionless gas flux is not general enough to
account for the effect of fluid properties.
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ENTRAINMENT CORRELATION OF HUTCHINSON
AND WHALLEY (1973)

"* Proposed a mechanistic model to correlate the rates of
entrainment and deposition of droplets to the liquid film.

"* The deposition rate is taken to be a linear function of the droplet
concentration in the gas core, i. e.,

D5=kC

where k is the mass transfer coefficient.

"* The entrainment rate is considered proportional to the equilibrium
concentration, i. e.

E =kCC

The equilibrium concentration is correlated in a functional form
given By

e C.e(±)

where r- is the interfacial shear of the two-phase flow and 8 the

liquid film thickness.

"* Major Drawbacks

It is difficult to accurately determine the equilibrium
concentration. The data for this quantity showed
considerable scattering, sometimes up to more than an order
of magnitude.

In order to estimate the entrainment, two different
correlations, i. e., one for the entrainment rate and the other
for the deposition rate, need to be employed. Any error in
determininEg the deposition would add to the error associated
with the entrainment rate.
Conceptually, the entrainment rate is not dictated by the
equilibrium concentration.
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ENTRAINMENT CORRELATION OF DALLMAN,
LAURINAT AND HANRATIY (1984)

"* Conducted an experimental study of horizontal annular two-
phase flow using air and water.

"* The amount of liquid entrained in the gas flow is assumed to
be governed by a dynamic balance between the rate of
atomization of the liquid film and the rate of deposition of
droplets from the gas core.

0 The rate of deposition of liquid droplets was considered to
vary linearly with the concentration of the droplets whereas
the rate of atomization of the liquid film was assumed to vary
linearly with the liquid film flow rate.

* Entrainment Correlation Developed:

E -A [ (dh - 26) p1/l2 p1/2 V3]L5

1 +A [(dh -28) p1/2 p1/ 2 V33]1.5

where A is a dimensional constant having the value of
3.6 x 10- in SI unit and E. the maximum entrainment
fraction. The latter quantity is ien by

Em = (""ofc

where (Wff)C is the so-called critical film flow rate.

* Critical Film Flowrate

The critical film flow rate has been determined by
Dallman et al. (1984) as a function of the ratio between
the droplet mass flow rate and the mass flow rate of the
gas.
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ENTRAINMENT CORRELATION OF DALLMAN,
LAURINAT AND HANRAITY (1984)

(continued)

0 Major Drawbacks:

- The correlation is given in dimensional form; thus, the
applicability is limited.

- The effect of fluid properties are not included.

- While the concept of critical film flow rate is correct, the
functional dependence of (Wff), is generally unknown.

- The correlation is cumbersome as Em and 6 are
unknown quantities.
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ENTRAINMENT CORRELATION OF ISHII AND MISHIMA
(1989)

* Based upon the mechanism of roll wave entrainment: The
shearing off of roll wave crests was considered to be the
dominant mechanism of liquid entrainment.

* Droplet entrainment would result whenever the retaining
force of surface tension is exceeded by the interfacial shear
force.

"* The same forces controlling the onset of entrainment were
assumed to control the entrainment itself. However, a
modification of the inertia of the gas core flow was made to
account for the effect of droplet inertia, since there are many
droplets flowing in the gas core.

"* Under an equilibrium condition in which the deposition rate
exactly balances the entrainment rate, the entrained fraction
was correlated in the following form:

E = tanh (7.25 x 10-7 We -2 Re/.2)

where We is an effective gas-phase Weber number defined by

PgJ dh Pf - Pg 9
P9

"* The Ishii and Mishima correlation, which compares favorably
with a large number of data , is probably the best correlation
available today.

"* Unfortunately, the entrained fraction represents the
equilibrium value that includes the contribution due to
droplet deposition. Thus, this correlation tends to
underestimate the actual entrainment rate in the ETC gun
environment.
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SPECIAL FEATURES OF DROPLET ENTRAINMENT
IN AN ETC GUN ENVIRONMENT

* Droplet life times are relatively short due to

- fHigh rates of heat transfer

- Evaporation, thermal decomposition, and
combustion

- Secondary breakup to smaller droplets by highly
turbulent flow conditions

* The deposition rate is negligible since the droplets have
very little chance to return to liquid film before they are
totally consumed. The absence of the deposition process
in an ETC gun represents a unique feature which is
different from all annular two-phase flows studied by
previous researchers.

* For ETC guns utilizing piccolo igniters, the phenomena
of mixing of plasma and liquid propellants involve two
sequential stages.

1) Development of numerous mini-Taylor cavities
and subsequent expansion of cavity sizes.

2) Merging of mini-Taylor cavities onto a single
large cavity.
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RESEARCH NEEDS ON DROPLET ENTRAINMENT

"* The single most important element in accurate
prediction of the performance of ETC guns is the
droplet entrainment rate, since it controls the rate of
conversion of chemical energy into propulsive energy.

"* A suitable entrainment correlation, excluding the effect
of droplet deposition, should be developed for ETC gun
application. This can be accomplished by performing an
experimental study to measure the rate of entrainment
for the case without the effect of deposition.

* In order to develop a realistic model for simulating the
mixing phenomena of plasma jets and liquid propellants
in ETC guns using piccolo igniters, it is useful to conduct
detailed observations of the evolution of mini-Taylor
cavities.

212



THEORETICAL ANALYSIS OF DROPLET
ENTRAINMENT IN AN ETC GUN ENVIRONMENT

0 The starting point of the analysis is the selection of an
appropriate inception criterion. Since the roll wave
mechanism is the prevailing mechanism of entrainment
during plasma/liquid propellant interaction in an ETC
gun, it is deemed appropriate to adopt the inception
criterion of Ishii and Grolmes (1975) in the present
analysis.

* Owing to the relatively high velocity of the plasma jet,
the plasma/liquid propellant system in an ETC gun is
likely to be significantly above the inception criterion.
However, there is a potential for the liquid film Reynolds
number to be reduced to a critical value as the liquid
film thickness decreases. Below this critical Ref, no
further entrainment is possible.
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THEORETICAL ANALYSIS OF DROPLET
ENTRAINMENT IN AN ETC GUN ENVIRONMENT

(continued)

"0 An upper theoretical limit for the entrained fraction may
thus be determined by assuming that the liquid film flow
rate is given by the critical condition for the onset of
entrainment:

(Ref)c' 3 = 11.78 No,8 ( 1/2

where (Ref), is now the critical Reynolds number on the
critical film flow rate introduced initially by Dallman,
Laurinat and Hanratty (1984).

"* The critical Reynolds number is defined by

(Re, )c = p1 (i9 ), dh

where (ja)c is the critical superficial velocity of the liquid
film. The use of this definition in the above equation is
equivalent to ignoring the effect of. droplets in
determining the critical condition.

"* In terms of the liquid film Reynolds number (Ref), the
critical superficial velocity of the liquid film is given by

.3

p 112
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THEORETICAL ANALYSIS OF DROPLET
ENTRAINMENT IN AN ETC GUN ENVIRONMENT

(continued)

* Following the conventional definition, the entrained
fraction, E, can be expressed in terms of the superficial
velocities of the total liquid (including the liquid film and
the entrained droplets) and the liquid film alone, i. e.,

E=Jd if - JL f l

if if if

* The upper limit of the entrained fraction is given by

Ew -= (Iff)
if

After substituting the expression of (if)c into the above
equation, E.p can be expressed as1 f

S=1- 11.78 N)'!1/2

* Theoretically, the actual entrainment during the mixing
of plasma and liquid propellants in an ETC gun should
be bounded by the above upper limit and the lower limit
given by Ishii and Mishima (1989), i. e.
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THEORETICAL ANALYSIS OF DROPLET
ENTRAINMENT IN AN ETC GUN ENVIRONMENT

(continued)

"* From the above equations, a functional form can be postulated for
the actual entrained fraction as

E = 1 -BRej N24( r)
P J9 P9

where B is a coefficient that needs to be determined
experimentally.

"* In view of the fact that the critical superficial velocity of the liquid
film represents the lower limit of the liquid film flow, the value of
B should be bounded by

B z 1.635 x 103

"* In terms of the dimensionless characteristic gas velocity as

a more general expression for the entrained fraction can be

postulated. This is

E = 1 - B N,,RefpqT

"* Based upon the preceding physical arguments, the values of the
exponents should be approximately equal to: a = 2.4, b = -1, and
c = -3. Experimental data to be obtained in the proposed
experiments will be used to obtain a final expression for the
entrainment correlation. 216



ENTRAINED DROPLET SIZE DISTRIBUTION

"* In an ETC gun environment, the chemical reactions that
are directly responsible for the transfer of chemical
energy to propulsive energy are controlled not only by
the entrainment rate but also by the entrained droplet
size distribution.

"* In an ETC gun chamber, the majority of droplets are
generated by entrainment and not by secondary breakup
mechanisms. Examples of secondary breakup are
turbulence eddy-induced breakup and particle/particle
collision generated breakup.

"* The size distribution should be governed by the process
of the droplet entrainment based on shearing off of the
roll waves.

"* Studies of droplet sizes have been performed by Hinze
(1955), Hass (1964), Wicks and Dukler (1966), Cousins
and Hewitt (1968), Tatterson et al. (1977), and Kataoka,
Ishii, and Mishima (1983).

"* A correlation of droplet size distribution, which could be
applied to the interior ballistic processes of an ETC gun,
was obtained by Kataoka, Ishii, and Mishima (1983).
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DROPLET SIZE CORRELATION BY TATrERSON
DALLMAN AND HANRATrY (1977)

0 An experimental study was performed to measure the
entrained droplet size in an annular two-phase flow using
a log-normal distribution function to simulate the droplet
size distribution:

112

We(dvm) = 0.106 Reg•' 1 ( dhPg

where Ig is the gas viscosity, Re. the gas Reynolds
number, and We(dm) the characteristic VWeber number
based on the volume median diameter.

* The gas Reynolds number and the characteristic Weber
number are defined respectively by

Reg = Pg Jg dh and We (d.m) g pg)2 dyml•g U

where d, is the volume median diameter. Physically, d,m
is defined such that droplets having diameters greater
than the volume median diameter would occupy exactly
half of the total droplet volume in the gas core.

* Major Drawback:

Their assumption of a potential flow is not strictly
valid for two-phase annular-mist flow with a highly
turbulent gas core. As a result, the correlation of
Tatterson et al. does not compare favorably with
experimental data over a wide range of gas
Reynolds number.
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DROPLET SIZE CORRELATION BY KATAOKA
ISHII AND MISHIMA (1983)

"0 A mechanistic model was developed that was based on
the mechanism of shearing off of the roll-wave crest for
generation of liquid droplets by a viscous shear flow.
The potential flow assumption employed in the standard
Weber number criterion was eliminated in developing
the model development.

"* By incorporating the mechanistic model with test data,
Kataoka, Ishii, and Mishima (1983) successfully derived
a correlation for deducing the volume median diameter
from the Weber number

We (d..) = 0.028 Rej 16 I%13(P, g)-1(3 )213

"* In terms of the characteristic Weber number, the volume
median diameter is given by

a We(d..)
dm = pg jg2

The above expression correlates the experimental data
of volume median diameter within ± 40% errors.
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DROPLET SIZE CORRELATION BY KATAOKA
ISHII AND MISHIMA (1983)

(continued)

0 The mean values of the data on drop size distribution
were fitted by Kataoka, Ishii, Mishima (1983) to the
upper limit log-normal distribution:

dA~ exp[ -(ty)2]

where A is the volume fraction oversize defined as the
volume fraction of droplets having a diameter larger than
a given diameter, d.

* In the above equation, t is a distribution parameter and
y is defined in terms of the maximum diameter 4 and
volume mean diameter d, as

y = (d and km

* Based upon the experimental results, the values of t and
k were found to be t = 0.884 and k = 2.13 whereas
using the upper limit log-normal distribution, the
maximum diameter was related to the volume mean
diameter by

dm 3.13 dvm
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DROPLET SIZE CORRELATION BY KATAOKA
ISHII AND MISHIMA (1983)

(continued)

• The correlation of drop size distribution developed by
Kataoka, Ishii, and Mishima (1983) is probably the most
suitable one among the existing correlations for use in
simulating the phenomena of mixing of plasma and
liquid propellants in the ETC gun environment.

0 It is recommended that the correlation be used in future
modeling. The reasons are:

- The correlation is based upon a sound physical
model, taking full account of key elements involved
in the droplet formation process

- The use of the upper limit log-normal distribution
function is evidently appropriate for annular-mist
flow

- The correlation compares very well with available
experimental data on drop size distribution covering
a wide range of conditions

- The correlation is easy to use since the primary
quantity that needs to be determined is the volume
median diameter.
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ETC 1B Models

Model Description Status

P2SIM OD, power systems for electric guns, Complete
Includes mission scenarios

Plasma I D steady statb capillary Complete
ID transient capillary Complete

- treats metals (in Progress)
ID piccolo tube In Progress
2D capillary In Progress (S94L)

BLAKE-ETC Thermochemical code, treats Complete
electrical energy as a constituent

IBHVG2 -ETC OD, EE source term Complete
Input power

- coupled to plasma (In Progress)

SPETC OD, SP, Determines power pulse for Complete
given performance

- optinmzation (in Progress)

LUMPET GD, LP, Arrebenlus EOS Complete
EE source term

Conpress GD, Constant pressure solution, Complete
EE source term

XJCTC-ETC 1D, Solid propellant code, complete
EE source term

CRAFT ID/2D/3D research code, fundamental In Progress
physics, state-of-the-art numerics

- gas/gas (Complete)
- gaslliquld (Complete)
- gaslliquid/solid (in Progress).
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- COMM This -iur. converted to XNOV~kTC 3/1/o3 IRL

N0885.IN it Commented out 4t stuff.
30mm SUBSCALE ARTILLERV REVERSE ENGINEE•fNG FflR E•',-

U3SNG ADJUSTID 4TH LAVER TRANSITION

ADJUSTING PATIO OF LARGE TO SMALL !F-IN UI:ES TO DEMONSTrATE

PROCESS CON TROL
£ { NFJ

qUN a 30mm 4RTILLERY RESULrS

SXC'ONTROL $M2 CONTROL DArA
NPRINT = 1 NGRAPr = 0

NDISW 0 O!) f-RD = 0

IBTABL = 1 NFLAM a 1

NPTABL = I NEROS = 0

NDYN = I NHTW = I

* IIREStl*= .., NRES(2) 0 Snot used

LDBED - I $ * = PROP BED rUITIALLY UNCOMPACT, I=rOMPACTEE
JHTW = 51

LYER = SIBPFS = I ,n.,ed 4-c resi
NTC = I

$ INHIB 0.0,0 NC LONGER NEEDED
NXCW = 0
NBLDWN = 0
NSWSOL = !)
KMODE = :
MODET = 1) =ANP GUN allaws modeiing of ,:e-ter hole i,-, orop

NECHO =
INBCX =0

"sXINTEGRA SM3 INrEGRArION PARAMETERS
MDIM = t5 sT. '520 $ 10 520

TPRT = 0

STEP = 10:0 TSTOP = 0.02 $0.0002 0.0200

OTST = 0 ZSTOP = 60.184
STOP = 5-',0 TINT = !..0002

UNIN - 0 SAFE = $. 53 $1.1

UNOU" ) CRIT =
R:OLV = :..05 $,* j *o..:5

'ABLIB = :! .)00
TABLP = '>. I'c j

$XFILECNT 5M4 FILE COUNTERS

NSTA = 4 moved to GUN SNUMBER OF TUBE DIAMETER 3TATIONS
NTEM = 0 NEL 0
NEPS o.0,0

NZPT = 3 s MOVED ro RESI DECt
IMORE =0,0.0

SGLIN
NAME 'n0MM SMOOTHBORE' ' CHAM 1=)..0384

$ GRVE 1.13t11 LAND - 1.1311

$ G/L = 1.60000 TWST = 49qq.1

S TRAV . CLEN =

S 3LOC .,, -_=.00-9•. 2.41)16. 25.2:b2, 51..173

NSTA = " SNUM mf Stations in t'jbe profile
ZA = ,:', E), - 5e. ('05. bO. I E34

31JNDIA =L.26. [.26. L.1811. 1.1811 $ or use RA tradiu•i

TWST = 9c90 5 RIF = b.0 nr use WST (TCST=36,' rilFl Ts c.'as riht'.7?:

AE~i; V-12 0OR-_: Sý3T:NC = rAT. BR = PE7-IJE
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TDREE a tLINEAR RESISTANCE . 2-BASEC O]N '.ELOCITY
'- 4 RAY or BRZ start with !:.C.the rest of *h-e aLues are rela t i.,q

$ to initiaI proi. location. If ' '.0 all is relati.e tc bre&7c"

4 AIR =

NPTS =
TRAv a 0., O.t&9, ').6169, 53.7008

PRES = 0.0'. 10.0.0. i00.o. '.I.'18.

SPROJ $M13 PROJECTILE AND RIFLING CHARACTERISTICS
ZBPR = 8.05 $7.85 68.05 $9.a56
PRWT = 0.735 s wrPR or PRWT or WT
PRIN = 0.14 S=POLAR MOM OF INERTIA -- LBM-[N*'2

SRIF= 6.t: movec o ISGUN

&XAMBGAS $M5 AMB G3S PROPS
TEMST = 5:o PST 1..

GMST = 29 GAMST = l.4

OPBED SM6 PROPELLANT BED GENERAL PROPS
$ can use either: TEMPR *or TEMPF, ar, rEMPC

li TEMPC = 21.

&PRIM SCR IGNITER THERMCCHEMISTPV
NAME = 'LX CAPILLARY' 9 CHWT = .2Z046E-03
GAMA = 1.1100 COI = 22.q743
TEMP = 300.00 PORC = :i45.3

$ EIG 6303C00. or if FORC is used it will be used internall,
$ to calculate EIG = (FORC*lZ.D0),(GAMA-j.DO)
GMIS - 36.13

NOTE: Following is a guess and mav not match IBHVG
33 a 3 SNUMBER OF TIMES
It - 3 SNUMBER OF POSITIONS (SEE M41

POSIIG = 0.0. 2.0, 4.00
TIMEIG = 0.006. 2.008, 0.010
RATEIG a 0.070, ".070. 0.070,

0.040. 0.040. ').U40.
0.01n, 0.oO. 0.010 4 =O :3mrents above 9'is allow

SFROP
NAME = 'LX CAPILLARY, GPAN = $ $2 s$IPF,
CHWT a 0.0231 LEN = 3.0000
DIAM = 0.5116 DP - 0.1975

$WEB = 0.1621
GAMA = 1.1100

COV 22.9743 RHO = O.0 4 34
TEMP = 300.00 FORC = 33455.3
ALPH = (.0 BETA 5= 55.1181
S NTBL = 1

$ Note: 'nova inyuz needs follow for prop ceo
ZGRLFT - 0.0 $LEFT HAND LOC OF SAG OF PROP I
ZGRRHT - 3.0 S is this right 7?
RGRI = 0.09375 SINNER RAD OF PROP note this is one dimensional
RGRO = ,.2559 $OUTER RADIUS mote: NOT used in coos

SLW = 0.0 *SLOT WIDTH
NFIX = 0 S OGRAIN FREE TO MOVE, I = ATTACH Tr , 2= ATT PRO0
BONDX = 0.0 $ STRENGTH OF BOND

GAP = 17400. SRHEOLUGY RATE OF PROPAGA OF STRESS OF SETTLED BED
GEPO =0.8 $0.35 s 0.820.28 '0.25 10.301 $0.58387
GCAP = 50,.'00. sRATE OF =ROPAGA
ANU = 0 SPOISSONS RATIO OF PROP
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TEMPIG = 91r, S IGNITION TEMPERATURE
KP = .021- $ THERMAL CDNDUCTI)IT'v
ALPHAP u .. 000134! S THERMAL DIFFUSIVYT',.
"EMMIS . EMMISIVITV FACTOR

$PROP
NAME 'LX MOD TUBE
CHWT 0.003307
LEN 7.24"1
GRAN 1 tPF S S 'IPF'
DIAM = 0.19625 DPERF = 0.1975

5 WEB 0. t08973
GAMA = 1.1100
COV = 22.9743 RHO = 0.0434
TEMP = 300.00 FORC = 33455.3
ALPHA ).) BETA = O.1969

NTBL
S Note: ncva input 'weds follow far prop aek

ZGRLFT = 0.0 SLEFT HAND LOC OF BAG OF PROP I
ZGRRHr 7.24412 $RIGHT HAN BOUND
RGRI = 0.1875 sINNER RAD OF PROP note this Is on0 dimension3L
RGRO = 0.1962t $OUTER RADIUS note: NOT used in code

SLW = 0.0 ISLCT WIDTH
NFIX = 0 $ ,)=GRAIN FREE TO MOVE. I = ATTACH TO TUBE. 2= ATT PFOJ
BONDX = 0.0 S STRENGTH OF BOND

GAP = 17400. SRHEOLOGY RATE OF PROPAGA OF STRESS OF SETTLED BED
GEPO =0.8 $0.3! . 0.820.29 $0.25 $0.301 S0.583897
GCAP = 50000. SRATE OF PROPAGA
ANU = 0 SPOISSONS RATIO OF PROP

81 = O.0 S BURN RATE CONSTANT
TEMPIG 6 810. S IGNITION TEMPERATURE
KP = .0277 $ THERMAL CONDUCTIVITY
ALPHAP - .30013'4! I THERMAL DIFFUSIVITY

EMMIS = . EMMISIVITY FACTOR

$PROP
NAME = "488! GRAH = BALL Si1

S IGNC = I THRC = .50,E-03
NTBL = I $-I
DIAM = 0.0630

S DL/S = 0.008570, 0.0315, 0.0851 , NOVA does not like .'s
DLS = 0.008570. 0.0315, 0.0851

$ DEPL = 0.0005399, ý'.JO19845, .0053613
RHOL = 0.0539, 0.0539, 0.054e8, 0.0589
GAML 1.2850. 1.2850, 1.2-79, 1.2340
FRCL = 254259.z. 254259.9, 27821a.9, 373962.8
COVL a 30.8077. 30.8077, 30.9184, 26.4897
TMPL x 1896.Z. 1896.9. 2109.4. 3471.2
COEL = .62236E-,3. .62236E-03, .75113E-3. 0.001788
EXPL = 0.8053, .8053. .8053, .8053
CHWT 0.3336

$ Note: nova input needs fellow for prop dek
ZGRLFT = )..) tLEFT HAND LOC CF BAG OF PROP I
ZGRRHT = 7.5 $guess $RIGHT HAN BOUND
RGRI = 0.25 $cuess$INNER RAP OF PROP note this is one dimensional
RGRO - 0.63 SGLTER RADIUS note: NOT used in code

SLW = 0.0 ISLCT WIDTH
NFIX = 0 $ 0=GRAIN FREE TO NOVe. I = ATTACH TO TUBE, 2= ATT PO07
BONDX = S ETPENGTH OF BEND

GAP = 17400. IRHEOLOGY RATE OF PROPAGA OF STRESS OF SETTLED BED
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CAF = 300:)0' IRirE OF ZRCP.GA K•
NU - .POTSSOr ,ATrC (IF PROF

,1. " 3UPN rArE (.Cc%,STANT
EMPIG 610. S IGNITI01, TEMPERATURE

S.,'27- 6 THERMAL Cc:JDJCTlC" T .
I•LFH,• 1 . ,I--4.5 s rHERMAL DIFF.SI'. .T,
MMIS .! $ ErIMISIVITY PAT3F;

+COMM
S FOUR LA(ER PROPELLANT GODEL %NOMINAL IVMH rIAPM

6 warning this dek is Mec!-iC because was -nmerted cut Ju-irn ca,'ier*
JAME ' WC885' GIRAH BAL L
IGNC = I TwpC = .).0002
DIAM - 0.00100838
NTBL a -1
DL/S 0.013t. 0.0500, 0j.350
RHOL = 1492.6. 1492.6, L515.6. 1631.3
GAML a 1.285, '.285, 1.279, 1.234
FRCL 760000, 760000, 831600, l1i7800
COVL a 0.001113, 0.001113, 0.001117, 0.000957
TMPL z19196.9, 18996.9. 2109.4. 3471.2
CFIL 0.00097 EXIL - 0.8053
CF2L = 0.00087 EX2L = 0.9053
CF3L = 0.00105 EX3L = 0.8053
CF4L = 0.00250 EX4L = 0.8053
CHWT -.. 1513

SETC

$ WARNINN O his is metric et **e** *** .****u***************
PF'AC =

NPWP = "
TPWR a 0. 3E-5, 6E-5. 1.2E-4, IE-3. L.-5E-3, 1.52E-3. 1.7E-3. 2E-3
PWR 0. 0, 4.4E6, 2.4E6, 4.6E6. 1.85E6. 0.45E6. 0.09E6.

SEND
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